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Edited by Judit Ova´diAbstract Macromolecular crowding provides the cytoplasm
and the nucleoplasm with strongly viscoelastic properties and
renders the diﬀusion of soluble proteins in both ﬂuids anomalous.
Here, we have determined the nanoscale viscoelasticity of the
cytoplasm and the nucleoplasm in diﬀerent mammalian cell lines.
In contrast to the cell-speciﬁc response on the macroscale the
nanoscale viscoelasticity (i.e. the behavior on length scales about
100-fold smaller than the cell size) only showed minor variations
between diﬀerent cell types. Similarly, the associated anomalous
diﬀusion properties varied only slightly. Our results indicate a
conserved state of macromolecular crowding in both compart-
ments for a variety of mammalian cells with the cytoplasm being
somewhat more crowded than the nucleus.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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spectroscopy1. Introduction
Cells possess intriguing mechanical properties that deter-
mine their interaction with the environment, e.g. the surround-
ing tissue or the glass bottom of a culture dish. While virtually
all mammalian cells display both, elastic and viscous (=visco-
elastic) properties when subjecting them to mechanical strain,
cancer cells are considerably softer than their healthy counter-
parts [1–3]. The strongest reduction has been reported for met-
astatic cancer cells [1,4], probably highlighting their higher
potential to penetrate tissue and to enter the lymphatic or
blood circulation [5] due to drastic changes of the cytoskeleton
[6]. Indeed, the deformability of individual suspended cells (i.e.
‘drops’ with a size of some 10 lm) was recently shown to de-
pend on the cell type and the cell’s state of development and
disease [7]. Similarly, probing the mechanical properties of nu-
clei highlighted the dominant contribution of intermediate ﬁl-
aments associated with the nuclear envelope [8,9] and a
putative nucleoskeleton [10].
While the cytoskeleton (an array of semiﬂexible ﬁlaments
with a typical extension of some 10 lm) may determine the cel-
lular viscoelasticity on the macroscale, the nanoscale viscoelas-
ticity of the cytoplasm (i.e. on length scales comparable to or
smaller than the wavelength of visible light) emerges due to*Corresponding author.
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doi:10.1016/j.febslet.2007.09.054the large amount of dissolved macromolecules (‘macromolecu-
lar crowding’) [11]. The total concentration of macromolecules
in the cell ranges from 50 to 400 g/l, i.e. up to 40% of the cell’s
volume is physically occupied by macromolecules [12]. From
the excluded-volume eﬀect a variety of consequences for pro-
tein–protein interactions has been postulated and experimen-
tally observed (see [13] for a recent comprehensive review).
Moreover, the multitude of speciﬁc and unspeciﬁc interactions
forces the closely packed macromolecules to form a variable,
network-like nanostructure all over the cell’s interior providing
the cytoplasm and the nucleoplasm with material properties
similar to dilute polymer solutions [11]. Due to the viscoelastic-
ity of cytoplasm and nucleoplasm, diﬀusion in these ﬂuids is
strongly anomalous [11,14]. In fact, anomalous diﬀusion has
been observed for diﬀerent types of crowding (small, globular
crowding agents vs. long polymers) in vitro [14,15] while pro-
tein–protein association is aﬀected diﬀerentially [16].
A versatile method to probe the state of molecular crowding
on the nanoscale is ﬂuorescence correlation spectroscopy
(FCS). Using FCS, one can determine non-invasively the local
diﬀusion properties of ﬂuorescent particles, e.g. proteins (see
[17,18] for an introduction to FCS) as well as the viscoelastic
features of the particles’ surrounding. By means of FCS we
have previously shown that the cytoplasm and nucleoplasm
of HeLa cells are remarkably viscoelastic on the nanoscale
due to macromolecular crowding [11]. However, bearing in
mind the diﬀerent rigidities of healthy and cancerous cells on
the macroscale it remained unclear whether the cell’s state is
also reﬂected in its nanoscale viscoelasticity. As gene expres-
sion depends critically on the cell type and state, the degree
of molecular crowding (and thus the nanoscale viscoelasticity)
may indeed change between diﬀerent cell types and states.
Here, we have tested the viscoelastic properties of the cyto-
plasm and nucleoplasm of several cell lines on the nanoscale to
assess the state of macromolecular crowding in vivo. Contrary
to the ﬁndings on the macroscale, the nanoscale viscoelasticity
only showed minor variations between the diﬀerent cell lines,
thus arguing for a conserved state of crowding. Consequently
also the anomalous diﬀusion in both ﬂuids did only show min-
or variations. In all tested cell lines the nucleoplasm appeared
to be somewhat less crowded than the cytoplasm, i.e. the diﬀu-
sion was less anomalous.2. Materials and methods
2.1. Cell culture and sample preparation
Cell lines as listed in Table 1 were cultured in the appropriate media
and kept at 37 C for culturing and during the FCS measurements. Toblished by Elsevier B.V. All rights reserved.
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jected colloidal gold conjugates (diameter 5 nm, tagged with AlexaFlu-
or488 and streptavidin, saturated with BSA; Molecular Probes) using
an AIS2 microinjection system (Cellbiology Trading, Hamburg, Ger-
many) based on an Eppendorf Femtojet injection system. Injection tips
were pulled with a P97 tip puller (Sutter Instruments Co., USA) from
borosilicate thin wall capillaries with ﬁlament (length = 100 mm,
OD = 1.2 mm, ID = 0.94 mm). TexasRed dextran (MW 10000; Molec-
ular Probes) was used as a co-injection marker. Gold colloids were
incubated with D-Biotin (MW 244.31; Invitrogen) before injection to
saturate the streptavidin tags.
2.2. Microscopy
We determined the diﬀusional properties of the injected ﬂuorescent
gold beads with ﬂuorescence correlation spectroscopy (FCS). For a re-
view on FCS we refer the reader to [17,18]. In FCS, a laser spot with
Gaussian intensity proﬁle is placed at the point of interest, and the
ﬂuorescence intensity F(t) from the spot (volume: 1 lm3) is recorded
as a function of time. While F(t) is constant on average, the diﬀusion of
ﬂuorescent particles into and out of the laser spot causes stationary
ﬂuctuations f(t) in the time series. Analyzing the ﬂuctuations by means
of the autocorrelation function C(s) = Æf(t) Æ f(t + s)æ (with Æ  æ denot-
ing a temporal average) reveals the particles’ MSD and thus their dif-
fusion properties. Fitting the resulting curve with the appropriate
mathematical expression (see [11] for details)
CðsÞ ¼ A
ð1þ ðs=sDÞaÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ ðs=sDÞa
S2
q ð1Þ
yields the mean residence time in the focus (sD) and the degree of ano-
mality a of the diﬀusion. Here, S denotes the elongation of the confocal
volume along the optical axis while the oﬀset A is inversely propor-
tional to the mean number of particles in the laser spot. In addition,
A includes the photophysics of the ﬂuorophores. A small fraction of
them will enter the non-ﬂuorescent triplet state (having a lifetime T)
upon excitation which was taken into account by setting
A  1 + fexp(t/T). We have deliberately neglected in Eq. (1) that
for large times (s sD) a crossover from anomalous to normal diﬀu-
sion is expected. We have previously shown that this is only a minor
contribution and does not aﬀect the results reported here [11].
All FCS measurements were performed with a Leica SP2-TCS con-
focal laser scanning microscope equipped with a water immersion
objective (HCX PL APO 63 · 1.2 W  CORR) and an FCS-unit (Lei-
ca Microsystems, Mannheim, Germany). Samples were illuminated
using the 488 nm line of an Argon laser and a bandpass ﬁlter (500–
530 nm). The pinhole was set to one Airy unit. The microscope and
the sample kept at 37 C by a climate chamber (Life Imaging Services).
For the measurement, cells were supplied with MEM (without phenol
red) +25 mM HEPES.
2.3. Measurement of the viscoelasticity
The parameter which characterizes the viscoelastic properties of a
medium is the complex shear modulus G(x) = G 0(x) + iG00(x) with
G 0 and G00 the elastic and viscous modulus, respectively. A convenient
and robust technique to determine G is based on measuring the MSDTable 1
Mean residence time sD of the 5 nm gold beads in the confocal volume and
Cell line Cytoplasm
sD (ls) a |G(1
HeLa* (human cervix cancer) 270 0.51 1.69
BXPC (human adenocarcinoma) 590 0.52 2.09
TP366 (human glioblastoma) 250 0.55 1.52
TP98G (human glioblastoma) 309 0.56 1.12
U2OS (human osteosarcoma) 260 0.53 1.08
PLC (human hepatoma) 130 0.52 1.32
HepG2* (human hepatoma) 780 0.52 1.56
Thle* (human liver) 330 0.48 1.22
3T3 (mouse ﬁbroblasts) 544 0.59 1.62
CHO (chines hamster ovary) 646 0.52 2.18
The absolute viscoelasticity at 100 Hz is also given. Data marked with an asof an inert, spherical test particle that diﬀuses in the ﬂuid of interest.
The properties of the particle’s Brownian movement depends on the
ﬂuid’s viscoelastic properties. In particular, the complex shear modulus
of the ﬂuid can be calculated from the MSD via a Laplace transforma-
tion and analytical continuation [19].3. Results and discussion
Using ﬂuorescence correlation spectroscopy (FCS), we have
determined the viscoelastic properties of the cytoplasm and
nucleoplasm in diﬀerent cell lines in vivo (see Section 2 for de-
tails). In brief, we microinjected ﬂuorescently labeled gold
beads (diameter 5 nm) in several well-established cell lines
(cf. Table 1) and determined the diﬀusional properties of the
beads in the cytoplasm and nucleus. From the diﬀusion prop-
erties, we calculated the local viscoelasticity in terms of the
complex shear modulus G(x) = G 0(x) + iG00(x) analogous to
earlier reports [11,19]. While the real part of G(x), termed
G 0(x), represents the elastic response when shearing the ﬂuid
with frequency x, the imaginary part G00(x) yields the associ-
ated viscosity. Water as a purely viscous ﬂuid would have
G 0(x) = 0, whereas G00(x) = 0 for rubber.
To investigate a representative collection of mammalian cells,
we have chosen the well-established NIH-3T3, CHO, Thle-3,
HepG2, PLC, HeLa, BXPC, TP98G, TP366, and U-2OS cell
lines (see Table 1; cf. also ATCC database). Due to their diﬀer-
ent origin (from hamster ovary cells to human osteosarcoma
cells) and state of health (immortalized Thle-3 from a healthy
liver vs. highly aggressive human glioma cells) our choice
seemed well suited to assess the cell-state speciﬁc changes in
the local viscoelasticity of the cytoplasm and nucleoplasm.
In all cells, we found strongly viscoelastic behavior for the
cytoplasm and nucleoplasm with a power-law dependence of
the complex shear modulus on the excitation frequency x, i.e.
|G(x)|  xa with 0.5 6 a 6 0.6. In other words, the higher the
frequency of the shearing the stiﬀer and more viscous did the
ﬂuids behave. The stiﬀening for increasing frequencies is also
met in the macroscopic world: when moving in quicksand very
slowly (low frequency), one may be able to swim while for rapid
motion (high frequency) the environment is rigid as concrete.
In virtually all cell lines the viscous modulus (G00) was at least
ﬁvefold larger than the elastic modulus (G 0) for frequencies
x 6 1 Hz while beyond 100 Hz both moduli were almost
equal. Representative examples for the absolute value |G(x)|
and the ratio between elastic and viscous moduli (G 0/G00) fordegree of anomality a for cytoplasm and nucleus of various cell lines
Nucleus
00 Hz)| (Pa) sD (ls) a |G(100 Hz)| (Pa)
160 0.56 0.91
260 0.56 1.18
165 0.55 1.00
275 0.63 0.89
240 0.62 0.86
98 0.62 0.84
500 0.58 0.90
270 0.53 0.90
915 0.60 2.15
895 0.54 2.46
terisk were taken from Ref. [11].
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Fig. 2 (nucleus). Besides a cell-to-cell variation, we did not ﬁnd
a systematic variation between cells but the cytoplasm consis-
tently showed a somewhat stronger elastic component than the
nucleoplasm. This indicates a lower degree of crowding in the
nucleus despite the high amount of decondensed DNA.
Comparing the absolute values of the shear moduli at
x = 100 Hz for all examined cells (cf. Table 1), we observed
that the cytoplasmic viscoelasticity was always close or above
1 Pa with an average of |G(w = 100 Hz)| = 1.5 Pa. In contrast,
the nucleoplasmic viscoelasticity was lower on average, i.e.
|G(w = 100 Hz)| = 1.2 Pa, and the average ratio between the
two compartment was given by |Gcyt(w = 100 Hz)|/|Gnuc(w =
100 Hz)| = 1.4. Interestingly, the non-cancerous 3T3 and
CHO cells showed the inverse behavior of all other cell lines
in that the nucleus appeared somewhat more elastic than the
cytoplasm. While this may indicate that cancer-derived cell
lines are less crowded in the nucleoplasm, THLE cells (derived
from the left lobe of a healthy human liver) do not support this
hypothesis. Given the cell-to-cell variations and the quite
subtle change in the shear modulus, we would rather conclude
that the internal organization of the cytoplasm and nucleo-
plasm on the nanoscale is very similar in all tested cell lines,
i.e. the cell’s state only inﬂuences the materials properties to
a minor extent.10-2
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Fig. 1. (a) Absolute value of the complex shear modulus, |G(x)|,
measuring the viscoelastic response of the cytoplasm when shearing it
with frequency x. A clear power-law increase is observed (dashed
lines) for both representative cell lines (full symbols: CHO; open
symbols: TP98G), indicating a stiﬀening of the cytoplasm when
exciting it with a higher frequency. (b) The ratio G 0/G00 between elastic
(G 0) and viscous (G00) modulus highlights the dominantly viscous
behavior at small frequencies, while both moduli become comparable
for higher frequencies.
100 102 104 ω[Hz]
0.4
Fig. 2. Same as in Fig. 1 for the nucleoplasm.Since the rheological properties of a ﬂuid determine the
Brownian motion of dissolved macromolecules/proteins, we
next focused on the diﬀusion properties of the ﬂuorescently
tagged gold particles. Compared to aqueous solution (water
or PBS), the particles were seen to diﬀuse in cells about 2- to
7-fold slower (indicated by a longer residence time sD in the
FCS measurements) and a strongly anomalous diﬀusion char-
acteristics was observed (see representative examples in Fig. 3).
Anomalous diﬀusion (or more precise: subdiﬀusion) is charac-
terized by a non-linear growth of the particles’ mean square
displacement (MSD), i.e. MSD  ta with a < 1, while normal
diﬀusion is characterized by MSD  t. In general, subdiﬀusion
may arise in environments where the diﬀusion of particles is
hindered by obstacles (‘obstructed diﬀusion’) [20,21] or when
geometric trapping is encountered [22]. Alternatively, binding
sites with a hierarchical energy proﬁle and/or cooperative bind-
ing events can lead to subdiﬀusion [23]. Moreover, subdiﬀusion
occurs naturally when a ﬂuid is viscoelastic due to macromo-
lecular crowding [14,15] and the observed anomalous diﬀusion
in the cytoplasm and nucleoplasm has been shown to be a nat-
ural consequence of the crowding-induced viscoelasticity [11].
In agreement with the above results on the complex shear
modulus, the average anomality in the cytoplasm (a = 0.52)
was stronger as compared to the nucleus (a = 0.58) while the
dwell time sD was the same on average, yet with considerable
variations. Consistent with our observations on the viscoelas-
ticity, 3T3 and CHO cells showed somewhat enlarged dwell
times in both compartments. Following our above line of argu-
mentation, the diﬀusion properties, and thus the macromolec-
ular crowding, do not seem to vary systematically between
diﬀerent cell lines.
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Fig. 3. Autocorrelation curves C(s) obtained from FCS measurement
in the (a) cytoplasm and (b) nucleus for two representative cell lines
(full, red symbols: CHO; open blue symbols: TP98G). Full lines are
best ﬁts according to Eq. (1), highlighting the anomalous nature of the
diﬀusion.
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is of great importance when determining the viscoelasticity.
While a 5 nm-sized bead adequately probes the environment
on the nanoscale, latex beads with a diameter larger than
100 nm experience organelles [24,25] and the cytoskeleton
[26,27] as important obstacles. Indeed, using beads with a diam-
eter of 100 nm, an additional viscoelastic response due to the
cytoskeleton is observed, i.e. |G(x)| is 20- to 50-fold larger as
compared to our data and an almost pure elastic response is
observed for x > 10 Hz [25]. Using much smaller probes (e.g.
soluble GFP), the elastic response (and thus the anomalous dif-
fusion) subsides since the dissolved macromolecules become
less important as obstacles between aqueous voids. Consistent
with this notion and our earlier observations [28], GFP showed
normal diﬀusion (a  1), i.e. cytoplasm and nucleoplasm
appeared solely viscous on this scale (data not shown). In con-
trast, ﬂuorescently labeled BSA (diameter 6 nm) showed
strongly anomalous diﬀusion in HeLa cells (a  0.55). At this
point, we would like to refer the reader in the interest of brevity
to two recent reviews [29,30] that discuss the size-dependence of
(anomalous) diﬀusion with an emphasis to obstructed diﬀusion
near to the so-called percolation threshold.
In summary, we have shown that several mammalian cell
lines show a viscoelastic characteristics of the cytoplasm and
nucleoplasm on the nanoscale due to macromolecular crowd-
ing (see also [14,11] for a detailed discussion) which renders
diﬀusion in these ﬂuids strongly anomalous. The anomalitywas in the range of 0.5 6 a 6 0.6 with the cytoplasm consis-
tently being more elastic and having a somewhat lower a-value
than the nucleus. Thus, in contrast to the macroscale viscoelas-
ticity that may depend on the cell’s particular development/dis-
ease state, the degree of macromolecular crowding appears to
be highly conserved in mammalian cells. As a consequence of
the anomalous diﬀusion mammalian cells are likely to show a
conserved, yet peculiar dynamics in intracellular reaction net-
works, e.g. signaling cascades.
Acknowledgement: This work was supported by the Institute for Mod-
eling and Simulation in the Biosciences (BIOMS) in Heidelberg.References
[1] Ward, K., Li, W., Zimmer, S. and Davis, T. (1991) Viscoelastic
properties of transformed cells: role in tumor cell progression and
metastasis formation. Biorheology 28, 301–313.
[2] Thoumine, O. and Ott, A. (1997) Comparison of the mechanical
properties of normal and transformed ﬁbroblasts. Biorheology 34,
309–326.
[3] Lekka, M., Laidler, P., Gil, D., Lekki, J., Stachura, Z. and
Hrynkiewicz, A. (1999) Elasticity of normal and cancerous human
bladder cells studied by scanning force microscopy. Eur. Biophys.
J. 28, 312–316.
[4] Darling, E., Zauscher, S., Block, J. and Guilak, F. (2007) A thin-
layer model for viscoelastic, stress-relaxation testing of cells using
atomic force microscopy: do cell properties reﬂect metastatic
potential? Biophys. J. 92, 1784–1791.
[5] Wyckoﬀ, J., Jones, J., Condeelis, J. and Segall, J. (2000) A critical
step in metastasis: in vivo analysis of intravasation at the primary
tumor. Cancer Res. 60, 2504–2511.
[6] Ben-Ze’ev, A. (1985) The cytoskeleton in cancer cells. Biochim.
Biophys. Acta 780, 197–212.
[7] Guck, J., Schinkinger, S., Lincoln, B., Wottawah, F., Ebert, S.,
Romeyke, M., Lenz, D., Erickson, H., Ananthakrishnan, R.,
Mitchell, D., Kas, J., Ulvick, S. and Bilby, C. (2005) Optical
deformability as an inherent cell marker for testing malignant
transformation and metastatic competence. Biophys. J. 88, 3689–
3698.
[8] Rowat, A.C., Foster, L.J., Nielsen, M.M., Weiss, M. and Ipsen,
J.H. (2005) Characterization of the elastic properties of the
nuclear envelope. J. R. Soc. Interface 2, 63–69.
[9] Vaziri, A. and Mofrad, M. (2007) Mechanics and deformation of
the nucleus in micropipette aspiration experiment. J. Biomech. 40,
2053–2062.
[10] Nickerson, J. (2001) Experimental observations of a nuclear
matrix. J. Cell Sci. 114, 463–474.
[11] Guigas, G., Kalla, C. and Weiss, M. (2007) Probing the nanoscale
viscoelasticity of intracellular ﬂuids in living cells. Biophys. J. 93,
316–323.
[12] Ellis, R. and Minton, A. (2003) Cell biology: join the crowd.
Nature 425, 27–28.
[13] Minton, A. (2006) How can biochemical reactions within cells
diﬀer from those in test tubes? J. Cell Sci. 119, 2863–2869.
[14] Weiss, M., Elsner, M., Kartberg, F. and Nilsson, T. (2004)
Anomalous subdiﬀusion is a measure for cytoplasmic crowding in
living cells. Biophys. J. 87, 3518–3524.
[15] Banks, D. and Fradin, C. (2005) Anomalous diﬀusion of proteins
due to molecular crowding. Biophys. J. 89, 2960–2971.
[16] Kozer, N. and Schreiber, G. (2004) Eﬀect of crowding on protein–
protein association rates: fundamental diﬀerences between low
and high mass crowding agents. J. Mol. Biol. 336, 763–774.
[17] Elson, E. (2001) Fluorescence correlation spectroscopy measures
molecular transport in cells. Traﬃc 2, 789–796.
[18] Weiss, M. and Nilsson, T. (2004) In a mirror dimly: tracing the
movements of molecules in living cells. Trend Cell Biol. 14, 267–
273.
[19] Mason, T. and Weitz, D. (1995) Optical measurements of
frequency-dependent linear viscoelastic moduli of complex ﬂuids.
Phys. Rev. Lett. 74, 1250–1253.
5098 G. Guigas et al. / FEBS Letters 581 (2007) 5094–5098[20] Saxton, M. (1993) Lateral diﬀusion in an archipelago. Single-
particle diﬀusion. Biophys. J. 64, 1766–1780.
[21] Saxton, M. (1993) Lateral diﬀusion in an archipelago. Depen-
dence on tracer size. Biophys. J. 64, 1053–1062.
[22] Santamaria, F., Wils, S., De Schutter, E. and Augustine, G.
(2006) Anomalous diﬀusion in Purkinje cell dendrites caused by
spines. Neuron 52, 635–648.
[23] Saxton, M. (2007) A biological interpretation of transient
anomalous subdiﬀusion. I. Qualitative model. Biophys. J. 92,
1178–1191.
[24] Tseng, Y., Kole, T. and Wirtz, D. (2002) Micromechanical
mapping of live cells by multiple-particle-tracking microrheology.
Biophys. J. 83, 3162–3176.
[25] Tseng, Y., Lee, J., Kole, T., Jiang, I. and Wirtz, D. (2004) Micro-
organization and visco-elasticity of the interphase nucleus
revealed by particle nanotracking. J. Cell Sci. 117, 2159–2167.[26] Tharmann, R., Claessens, M. and Bausch, A. (2007) Viscoelas-
ticity of isotropically cross-linked actin networks. Phys. Rev. Lett.
98, 21.
[27] Gardel, M., Valentine, M., Crocker, J., Bausch, A. and Weitz, D.
(2003) Microrheology of entangled F-actin solutions. Phys. Rev.
Lett. 91, 7.
[28] Elsner, M., Hashimoto, H., Simpson, J.C., Cassel, D., Nilsson, T.
and Weiss, M. (2003) Spatiotemporal dynamics of the COPI
vesicle machinery. Embo Rep. 4, 1000–1005.
[29] Luby-Phelps, K. (2000) Cytoarchitecture and physical properties
of cytoplasm: volume, viscosity, diﬀusion, intracellular surface
area. Int. Rev. Cytol. 192, 189–221.
[30] Verkman, A. (2002) Solute and macromolecule diﬀusion in
cellular aqueous compartments. Trend Biochem. Sci. 27, 27–33.
